Ethylbenzene + toluene are known individually to have ototoxic potential at high exposure levels and with prolonged exposure times generally of 4-16 weeks. Both ethylbenzene + toluene are minor constituents of JP-8 jet fuel; this fuel has recently been determined to promote susceptibility to noise-induced hearing loss. Therefore, the current study evaluates the ototoxic potential of combined exposure to ethylbenzene + toluene exposure in a ratio calculated from the average found in three laboratories. Rats received ethylbenzene + toluene by inhalation and half of them were subjected simultaneously to an octave band of noise (OBN) of 93-95 dB. Another group received only the noise exposure which was designed to produce a small, but permanent auditory impairment while an unexposed control group was also included. In two separate experiments, exposures occurred either repeatedly on 5 successive days for 1 week or for 5 days on 2 successive weeks to 4000 mg/m 3 total hydrocarbons for 6 h based upon initial pilot studies. The concentration of toluene was 400 ppm and the concentration of ethylbenzene was 660 ppm. Impairments in auditory function were assessed using distortion product otoacoustic emissions and compound action potential testing. Following completion of these tests, the organs of Corti were dissected to permit evaluation of hair cell loss. The uptake and elimination of the solvents was assessed by harvesting key organs at two time points following ethylbenzene + toluene exposure from additional rats not used for auditory testing. Similarly, glutathione (GSH) levels were measured in light of suggestions that oxidative stress might result from solvent-noise exposures. Ethylbenzene + toluene exposure by itself at 4000 mg/m 3 for 6 h did not impair cochlear function or yield a loss of hair cells. However, when combined with a 93-dB OBN exposure combined solvent + noise did yield a loss in auditory function and a clear potentiation of outer hair cell death that exceeded the loss produced by noise alone. No evidence was found for a loss in total GSH in lung, liver, or brain as a consequence of ethylbenzene + toluene exposure.
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A wealth of laboratory animal experiments along with industrial epidemiological studies have identified several chemical contaminants that can impair auditory function directly or potentiate the damaging effects of noise on the auditory system. Among such ototoxic agents are a variety of aromatic hydrocarbons that have been extensively studied using laboratory animal models including toluene (Crofton, 1994; Loquet et al., 1999; Pryor et al., 1983) , styrene (Crofton et al., 1994; Lataye et al., 2001; Loquet et al., 1999; Pryor et al., 1987) , ethylbenzene (Cappaert et al., 1999 (Cappaert et al., , 2000 (Cappaert et al., , 2001 , and mixed xylenes containing p-xylene (Crofton et al., 1994; Maguin et al., 2006; Pryor et al., 1987) . Exposure to these agents over a period of weeks yields a persistent auditory impairment that is particularly severe at mid-frequencies (Crofton et al., 1994) . This loss is accompanied by damage to outer hair cells (OHC) predominantly in regions of the cochlea corresponding to such mid-frequency loss Crofton et al., 1994; Loquet et al., 1999) .
Epidemiological research from workers often exposed to multiple solvents has associated auditory impairment with workplace exposures to toluene (e.g., Morata et al., 1997) , styrene (Muijser et al., 1988; Sliwinska-Kowalska et al., 1999 , and xylenes (Sliwinska-Kowalska et al., 2001) . While the epidemiological data have necessarily focused upon complex chemical mixtures generated in different workplaces, the laboratory animal studies have more commonly been directed toward studying the effects of a single chemical on auditory function. However, in light of recent epidemiological evidence showing that jet fuel can promote noise-induced hearing loss (NIHL) in airforce personnel (Kaufman et al. 2005) and even more recent experimental evidence confirming functional auditory loss in laboratory animals exposed to JP-8 jet fuel þ noise (Fechter et al., in press) , the current study was designed to determine whether toluene and ethylbenzene inhalation in the same ratio as found in JP-8 also yields altered auditory function at total hydrocarbon concentrations equivalent to that resulting from JP-8 exposure. For comparative purposes, published research has determined that the functional threshold of toluene-induced hearing loss is close to 1300 ppm for a 4-week long exposure in the rat (Loquet et al., 1999) while the threshold ototoxic dose for ethylbenzene is 300-400 ppm for 5 days in the rat (Cappaert et al., 2000) .
Because JP-8 has been shown to deplete glutathione (GSH) both in vitro Boulares et al. (2002) and in vivo (Fechter et al., in press) and because depletion of this important antioxidant could increase the potential for noise-induced oxidative stress (Henderson et al., 1999; Ohinata et al., 2000; Ohlemiller et al., 1999 Ohlemiller et al., , 2000 Pourbakht and Yamasoba, 2003; Seidman et al., 1993; Yamane et al., 1995; Yamasoba et al., 1999) additional rats were exposed to toluene þ ethylbenzene to test this possibility.
METHODS AND MATERIALS

Subjects
A total of 76 pigmented male Long-Evans rats (250-300 g) obtained from Harlan and from Charles River were employed in these studies. Of these, 48 rats were used for auditory function studies and 28 were used to generate toxicokinetic and biochemical data. The rats obtained from Harlan were used in the first experimental protocol (5-day-exposure study) and in all toxicokinetic and biochemical studies. Rats used in the second experimental protocol (10 day exposure) were obtained from Charles River. The subjects were housed with free access to food and water in their home cages. Temperature was maintained at 21 ± 1°C and lights were on from 6:30 A.M. to 6:30 P.M. The Loma Linda Veteran Medical Center Institutional Animal Care and Use Committee approved all the experimental protocols. All exposures and testing were performed during the daytime.
Exposure Procedures
Two different exposure paradigms were used to investigate the effects of ethylbenzene þ toluene exposure on auditory function with and without noise exposure in rats. Both paradigms utilized four groups of subjects (n ¼ 6) that received (1) noise alone, (2) toluene þ ethylbenzene alone, (3) simultaneous exposure to both noise and toluene þ ethylbenzene, and (4) unexposed controls. The two protocols differed in the number of daily exposures used and in the noise intensity. In the first protocol, the rats received five daily 6-h exposures to 4000 mg/m 3 ethylbenzene þ toluene combined, a 6-h octave band noise exposure (95 dB), both noise and solvents, or no exposure. The second protocol entailed 10 daily exposures as above with a 2-day rest period interspersed between blocks of 5 daily exposures. While the total hydrocarbon concentration was maintained at 4000 mg/m 3 in the second protocol, the noise exposure was reduced to 93 dB (A) to limit cochlear impairment due to noise alone. The dose of ethylbenzene þ toluene was based upon initial pilot studies in which ethylbenzene þ toluene concentrations were matched to the total hydrocarbon concentration of JP-8 that yielded auditory impairment (1000 mg/m 3 ). The toluene/ethylbenzene exposure concentrations were then increased until an apparent effect was obtained. For example, for a total hydrocarbon concentration of 2000 mg/m 3 , six rats were exposed to combined treatment, while three rats received only noise exposure, three rats received only solvent exposure, and three rats served as controls. Ultimately in these experiments, the concentration of toluene was 400 ppm and that of ethylbenzene was 660 ppm
The noise exposure selected, was designed to produce a permanent impairment in auditory function that was sufficiently small to permit detection of additive or potentiating effects of the chemical exposure (e.g., Pouyatos et al., 2005; Rao and Fechter, 2000) . Current Occupational Safety and Health Administration (OSHA) standards have established a permissible exposure level (PEL) for noise of 90 dB (A) on an 8-h time-weighted average. The equivalent exposure for a 4-h time period would be 95 dB (A) and for 1 h 105 dB (A). The current OSHA action level for noise, however, is 85 dB (A) leq. The (A) weighting scale mirrors the frequency sensitivity of the human audiogram.
Between three and four additional rats per group were used to provide tissues for monitoring biomarkers of exposure and a like number were used for determining total GSH levels. These rats received a single 6-h exposure to 4000 mg/m 3 ethylbenzene þ toluene or no exposure (control). None of these rats were subjected to noise exposure. The rats in this study were euthanized either immediately following exposure or after a 1-or 3-h recovery period. These studies are described more fully below.
Ethylbenzene þ Toluene Exposure
The rats were exposed to ethylbenzene þ toluene vapor using a whole body exposure system. The ethylbenzene þ toluene were mixed fresh each day and the mixture was metered into a heated round bottom flask using a syringe pump programmed to deliver the solvents at a rate necessary to obtain the appropriate hydrocarbon concentration. Clean air flushed the solvents from the evaporation chamber into the exposure chambers. The exposures were performed in a reverberant 40-l chamber. Air exchange rate within the chamber was 12.5 l/min (providing approximately 17 changes per hour) with airflow being monitored by a Dwyer Instruments flow gauge (Michigan City, IN). The subjects were placed within small wire-cloth enclosures (15 3 13 3 11 cm) within the chamber. They were conscious and free to move within the enclosures. Solvent concentration was monitored constantly during the exposure using a Ratfisch Model RS 55CA total hydrocarbon analyzer in order to ensure a stable concentration of the hydrocarbon mixture in the exposure chamber. In addition, air samples were obtained to permit determination of the vapor components. The vapor was also analyzed qualitatively and quantitatively using a HewlettPackard (Palo Alto, CA) 5890 Series II Plus gas chromatograph (GC) utilizing a DB-5 60-m column (J&W Scientific, Davis, CA) and a flame ionization detector. The GC temperature was programmed as follows: 0°C-150°C at 20°C/min, followed by 150°C for 10 min.
Noise Exposure
Exposures to noise were conducted simultaneously with ethylbenzene þ toluene Broadband noise was generated by a function-generator (Stanford Research System, Model DS335, Menlo Park, CA) and bandpass filtered (Frequency Devices, 9002, Haverhill, MA) to provide an octave band of noise with center frequency of 8 kHz. The roll-off for the filter system was 48 dB/ octave. This signal was amplified by a SAE 2200 Power Amplifier (Scientific Audio Electronics Inc., Los Angeles, CA) and fed to speakers (Vifa D25AG-05, Videbaek, Denmark) located approximately 5 cm above the subjects' wirecloth enclosure. Sound intensity measured at the level of the rats' pinnae by a Quest Type 1 sound pressure meter with 1/3 octave filter set (models 1700 and OB300, Oconomowoc, WI) was determined in the octave band centered at 8 kHz. The intensity was 95 dB using the first protocol and 93 dB using the second protocol. The noise spectra for this noise treatment has been published previously (Pouyatos et al., 2005) . Sound levels in the exposure chamber were maximal and essentially the same between 6.3 and 10 kHz. The levels were approximately 7 dB lower at 5 and 12.5 kHz. The acoustic intensity was about 20 dB below maximum at 4 and 16 kHz. Noise levels varied less than 2 dB within the space available to each animal.
In addition to noise intentionally delivered to subjects after the solvent exposure, the potential did exist for noise exposure to occur as an unintended consequence of solvent generation. Noise levels during ethylbenzene þ toluene exposure were below 60-dB sound pressure level (SPL) at all sound frequencies.
Characterization of Exposure
A subset of subjects exposed to 4000 mg/m 3 ethylbenzene þ toluene was euthanized at 0 and 1 h following a single 6-h exposure in order to characterize the elimination of ethylbenzene þ toluene from tissues. The tissues chosen, blood, liver, and cochlea were selected in order to estimate exposure in
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the tissue representing the route of systemic exposure (blood), a key metabolic organ (liver), and an organ of interest in terms of target of toxicity (cochlea).
At the appropriate time, the rats were euthanized under ketamine (87 mg/kg) and xylazine (13 mg/kg) anaesthesia. First a blood sample was obtained via a cardiac puncture. The rats were then decapitated and samples of liver and cochleae were obtained. The cochlear samples were obtained by dissecting the auditory bulla to yield the whole cochlea within its bony shell. Tissue (approximately 1.0 ml heparinized blood, 0.5 g liver or a whole cochlea pair) was placed into 10-ml screw cap headspace vials (Supelco, Inc., Bellefone, PA). After the addition of 3 ml of 33% salt water (0.33 g/ml NaCl in deionized water), the tissue was quickly chopped with iris scissors, 1 ll of internal standard solution (150 lg/ml d 26 -dodecane) added, the vials were then capped, vortexed, and placed on the autosampler for extraction and analysis. Spiked tissue served as standards for creating calibrations. The SPME-GC/MS system consisted of a CombiPAL autosampler with SPME adaptor (CTC Analytics, Zwingen Switzerland) and a CP-3800 GC (Varian, Inc., Walnut Creek, CA) with a Saturn 2200 Ion Trap MS operated in scan mode. The ion trap parameters were set to the optimized values for hydrocarbons previously determined by Joos et al. (2003) . Quantitative analysis was performed with the Saturn GC/MS Workstation (Version 6.40, Varian, Inc.). Standard curves were prepared each time samples were analyzed.
Auditory Assessment
Hair cell functional assessment: distortion product otoacoustic emissions. Distortion product otoacoustic emissions (DPOAE) were used to assess OHC function. This method permits repeated testing within subjects and, thereby, can trace impairment that may occur between a preexposure baseline and various time points following an exposure. In this way, both transient and permanent impairments as well as the recovery rate can be estimated in each subject. The DPOAE test relies upon the finding that the intact cochlea is able to generate sound energy when stimulated with two simultaneous tones known as ''primary tones'' and designated as frequencies ''f 1 '' and ''f 2 .'' Because the sound energy generated by the cochlea consists of different frequencies than the ''primary tones'' they are spoken of as ''distortion products.'' A particularly robust distortion product is the cubic distortion product which is defined as 2f 1 ÿ f 2 . If the ratio of f 1 /f 2 is kept constant as the frequency of f 2 is swept along the subject's audiometric range, it is possible to detect injury to the hair cells, and, principally to the OHCs, along the length of the basilar membrane. In these experiments, the ratio of f 1 /f 2 was maintained at 1.25 in order to yield maximal distortion products. The f 2 frequency was swept from 3.2 to 63 kHz in 0.1-octave increments. Tone intensities were set at 55 dB for f 1 and 35 dB for f 2 . This difference in tone intensity was selected to maximize the amplitude of the DPOAE (Whitehead et al., 1995) . The f 1 and f 2 primaries were presented through two separate Realistic dual radial horn tweeters (Radio Shack, Tandy Corp., Ft Worth, TX). The tones were delivered to the outer-ear canal through a probe, where they acoustically mixed to avoid artifactual distortion. Ear-canal SPLs, measured by an emissions microphone assembly (Etymotic Research, ER-10Bþ, Elk Grove Village, IL) embedded in the probe, were sampled, synchronously averaged, and Fourier analyzed for geometric mean (GM) frequencies [(f 1 3 f 2 ) 0.5 ] ranging from 5.6 to 19.7 kHz (i.e., f 2 ¼ 6.3-22.5 kHz) by a computer-based DSP board. The amplitude of the cubic distortion product DPOAE is shown relative to the noise floor which is the average noise level produced in the system due to background noise. Corresponding noise floors are computed by averaging the levels of the ear-canal sound pressure for five frequency bins above and below the DPOAE frequency bin (± 54 Hz). For test frequencies above 20.1 kHz, a computer-controlled dynamic-signal analyzer (Hewlett-Packard Model 3561A) was used. The related noise floors were estimated by averaging the levels of the ear-canal sound pressure for the two FFT frequency bins below the DPOAE frequency (i.e., for 3.75 Hz below the DPOAE). A hard-walled cavity that approximated the size of the rat outer-ear canal was used to calibrate the tonal stimuli. No artifact DPOAEs were ever measured in this test cavity. For both stimulus protocols, DPOAEs were considered to be present when they were at least 3 dB above the noise floor. DPOAE testing was accomplished while rats were lightly anaesthetized with ketamine (44 mg/kg) and xylazine (7 mg/kg). Normal body temperature was maintained using a direct current (dc) heating unit built into the surgical table. Each subject was first tested at least 3 days after arrival in the laboratory and prior to any experimental treatment. The subjects were retested at 3 days, 1 week, and again 4 weeks postexposure. Each DPOAE test required approximately 6 min to perform.
Audiometric threshold assessment: compound action potential. Threshold assessment was performed 4 weeks following the end of experimental exposures by recording compound action potentials (CAPs) from the round window for pure tones between 2 and 40 kHz in approximately ½ octave steps. Auditory thresholds were assessed in a double walled audiometric booth. The subjects were anaesthetized with xylazine (13 mg/kg, im) and ketamine (87 mg/ kg, im) and normal body temperature was maintained using a dc heating unit built into the surgical table. The animals were tracheotomized. The auditory bulla was opened via a ventrolateral approach to allow the placement of a fine (od 0.1 mm) Teflon-coated silver wire electrode (A-M system, Inc., Carlsborg, WA) onto the round window. A silver chloride reference electrode was inserted into neck musculature. The temperature of the cochlea was maintained using a low voltage high-intensity lamp. The CAP signals evoked by pure tones were amplified 31000 between 0.1-1.0 kHz with a Grass A.C. preamplifier (Model P15, W. Warwick, RI). The sound level necessary to generate a visually detectable CAP response averaged over 4 sweeps on a digital oscilloscope (approximate response amplitude of 1 mV measured as the output of the preamplifier) was identified.
Histological assessment. Immediately after CAP measurements, rats were decapitated and the cochleae harvested. Within 2 min, the cochleae were fixed by perilymphatic perfusion with 1 ml of a trialdehyde fixative (3% glutaraldehyde, 2% formaldehyde, 1% acrolein, and 2.5% dimethyl sulfoxide in phosphate buffered saline pH 7.4). Following the primary 24-h fixation, the tissue was first washed with 0.1M phosphate-buffered saline, postfixed with 2% OsO 4 in water for 2 h, and finally washed again with 0.1M phosphate-buffered saline. The organ of Corti was dissected in 70% ethanol and mounted in glycerin for counting of hair cells. Cells were counted as present when the stereocilia, the cuticular plate, or the cell nucleus could be visualized. No attempt was made to assess the degree of possible cellular damage to surviving cells. The frequency-place map established by Muller (1991) was used to superimpose the frequency coordinates on the length coordinates of the organ of Corti. This ''map'' reflects the fact that the cochlea is organized tonotopically fashion with high frequency sound producing maximum stimulation of cells in the base, and low frequency sound in the apex. A cochleogram showing the percentage of hair cell loss as a function of distance from the apex of the cochlea was plotted for each animal. The results were averaged across each group of subjects for comparison between groups. The software used for counting cochlear hair cells was developed by R. Lataye and Dr P. Campo from the ''Institut National de Recherche et Sécurité'' (Nancy, France). Table 1 portrays the concentration of ethylbenzene þ toluene recovered from blood, liver, and cochlea immediately following exposure (0 h) and 1 h following the end of exposure. Toluene and ethylbenzene levels were sufficiently high in all tissue samples obtained immediately following exposure to yield reliable values in all tissues studied. For both blood and liver, an appreciable amount of ethylbenzene was present even 1-h postexposure. By contrast, toluene was not detected in any tissue at the 1-h postexposure time point. Consistent with the 544 FECHTER ET AL.
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slower elimination of ethylbenzene relative to toluene, the ratio of ethylbenzene to toluene was considerably higher in both the blood (2.47) and liver (2.05) than it was in the atmosphere generated in the exposure chambers (1.65) while the ratio in the cochlea (1.3) was quite close to the atmospheric level.
Effect of Ethylbenzene þ Toluene on GSH Levels
Figure 1 presents the effect of ethylbenzene þ toluene exposure on total GSH levels in liver, brain, and lung measured between 0-and 3-h postexposure. While there are obvious differences in the level of GSH found in these three different tissues, there is no evidence that exposure to the solvent mixture depleted GSH in any of these tissues.
Auditory Effects of Ethylbenzene þ Toluene with and without Noise
Figures 2A-D present the effects of five daily ethylbenzene þ toluene exposures (with and without simultaneous noise) on DPOAE amplitudes. Also provided for comparison are the DPOAEs for rats that received noise alone and for control rats that did not receive experimental treatment. The exposure to toluene and ethylbenzene alone produced no loss in DPOAE amplitude (see Fig. 2C ) at any of the postexposure time points. By contrast, combined exposure to the solvents þ noise yielded a pronounced decrement in DPOAE amplitude that was most apparent for the octave band of 8-16 kHz (see Fig. 2A ). The loss in DPOAE amplitude was especially pronounced 3 days following the last exposure day with partial recovery of the response occurring over the subsequent test periods. However, even 4 weeks following exposure, a decrement in DPOAE amplitude of approximately 10 dB is observable over about one octave of test frequencies. Figure 2B portrays the effect of noise alone on DPOAE amplitude. Here a marked decline of approximately 15-20 dB in DPOAE amplitude is noted at the 3-day time period between approximately 8 and 20 kHz. However, complete recovery of DPOAE amplitude is seen as early as 1-week postexposure. Finally, the control subjects showed no shift in DPOAE amplitude among test intervals (Fig. 2D) .
The results obtained for rats receiving 10 days of exposure generally replicate those found for the 5 days of exposure (see Figs. 3A-D) . Once again, solvents alone had no disruptive effect of DPOAE amplitude (Fig. 3C ). Combined treatment with ethylbenzene þ toluene þ noise produced a pronounced depression in the DPOAE amplitudes of 10-20 dB over the frequency range from approximately 6-20 kHz that recovered only slightly between 3 days postexposure and either 1 or 4 weeks postexposure (Fig. 3A) . Indeed, there is little evidence of continuing recovery of DPOAE amplitude between the 1 and 4 week posttests. The noise-treated rats in this study do show some persistent impairment of DPOAE amplitude even 4 weeks postexposure (Fig. 3B) . However, the extent of such loss is more limited than that observed for the rats receiving both solvents þ noise. By contrast, DPOAE amplitudes did not shift over time from the baseline measure among the untreated control rats (see Fig. 3D ).
Separate repeated measures analysis of variance (ANOVA) was performed on the two sets of DPOAE data. Treatment served as a between subjects measure and both time of measurement with respect to experimental treatment and frequency were within subject measures. Data were analyzed in the range between 8 and 20 kHz based upon the frequency range contained in the noise band (8-kHz center frequency) and because all subjects showed an artifactual dip in DP amplitude between approximately 20 and 25 kHz. This drop in amplitude was present among control subjects, both at baseline and on subsequent tests, as well as in treated subjects, and appears to reflect hardware limitations rather than an inherent limitation in the DPOAE. comparisons test comparing the experimental treatments indicated that the combined treatment of ethylbenzene þ toluene þ noise was reliably different from the control treatment and also from the solvent treatment alone. The solvent þ noise group, however, did not differ significantly from the noise alone group. The interactions of treatment with frequency (F(36/240) ¼ 3.13, p < 0.0001) and treatment with time (F(9/60) ¼ 6.40, p < 0.0001) were also statistically significant as were the interactions of time and frequency and the three way interaction of treatment, frequency, and time. The ANOVA conducted using the 10-day exposure protocol confirmed all of the statistical differences found with the shorter experimental exposure. Namely, the main effects of treatment (F(3/20) ¼ 23.76, p < 0.0001), frequency (F(12/240) ¼ 32.31, p < 0.0001), and time postexposure (F(3/60) ¼ 15.32, p < 0.0001) were all significant. Bonferroni pairwise multiple comparisons test comparing the experimental treatments indicated that the combined treatment of ethylbenzene þ toluene þ noise was reliably different from the control treatment and also from the solvent treatment alone. Once again, no significant difference was found between the noise þ solvent and noise alone treatment groups. The interactions of treatment with frequency (F(36/240) ¼ 2.22, p < 0.0003) and treatment with time (F(9/60) ¼ 6.21, p < 0.0001) were also statistically significant as were the interactions of time and frequency and the three-way interaction of treatment, frequency, and time.
The effects of 5 and 10 days of ethylbenzene þ toluene and noise exposure on auditory thresholds are shown in Figures 4 and 5, respectively. While the differences among treatment groups are small, the subjects that received combined exposure to the solvents þ noise show a loss in pure tone auditory threshold compared to the other groups. In neither study is there evidence for an elevation in auditory threshold by either noise alone or by the solvents alone as compared to the untreated control subjects.
Because the studies were performed successively and entailed differences in both noise intensity and duration of exposure, two separate ANOVA tests were performed on these data. Treatment was considered as a between subjects variable and test frequency as a within subject variable. For the 5-day exposure study, a significant effect of treatment (F(3/17) ¼ 3.93, p < 0.03) and of frequency (F(10/170) ¼ 46.5, p < 0.0001) was found. However, the interaction between treatment and test frequency was not statistically significant (F < 1.0). Bonferroni's pairwise multiple comparison test showed that only subjects receiving the solvents þ noise differed significantly from the control group. However, the ANOVA conducted on thresholds for rats exposed for 10 days showed not only a significant treatment effect (F(3/17) ¼ 10.65, p < 0.0005) and a significant frequency effect (F(10/170, 57.72, p < 0.0001), but also a significant interaction between treatment and frequency (F(30/170) ¼ 2.17, p < 0.0025). Bonferroni pairwise multiple comparisons showed that the rats treated with the solvents þ noise had thresholds that were significantly worse than all other treatment groups. There were no differences observed between the control subjects and those that received noise alone or the solvents alone.
Finally, histological examination of cochleae from rats used in this study are represented in Figures 6 and 7 . Figure 6 presents cytocochleagrams from pooled group data of rats exposed for 5 days. Rats that received solvents alone (Fig. 6C ) have no loss of OHCs beyond the scattered and very limited loss observed among control rats (Fig. 6D) . The subjects receiving the solvents þ noise show clear-cut OHC death that is greatest in row 1, intermediate in row 2, and very limited in row 3 (Fig. 3A) . The loss of OHCs is particularly notable at a cochlear location corresponding to approximately 12-24 kHz. Even though the loss of OHC is readily apparent, it does not exceed 25% of cells in any locus. Figure 6B shows that noise treatment alone also elevated OHC death relative to control subjects. The loss was quite limited, but was particularly apparent in rows 1 and 2., The loss of OHC did not exceed 5% in any area of the cochlea.
Finally, the cytocochleograms generated from rats exposed for 10 days showed similar effects to the groups receiving the shorter exposure (see Fig. 7 ). Namely, noise produced very (Fig. 7B ) and this loss was greatly increased by combined solvent þ noise exposure (Fig.  7A) . Neither ethylbenzene þ toluene (Fig. 7C ) nor control rats (Fig. 7D ) displayed more than limited sporadic loss of OHCs.
The loss of OHC was averaged for each row of hair cells individually and for each group. The data were then subjected to ANOVA with hair cell row assessed within subjects and treatment as a between subject factor. Bonferroni post hoc pairwise comparisons were used to compare all treatment groups. For rats receiving the 5-day exposure protocol, the data show statistically significant effects of treatment (F(3/20) ¼ 27.74, p < 0.005), OHC row (F(2/20) ¼ 9.28, p < 0.0005), and a significant treatment by row interaction (F(6/20) ¼ 19.33; p < 0.0001). Further post hoc analysis demonstrated significantly greater loss of OHCs in row 1 between rats receiving noise þ solvents than noise alone. Neither noise alone nor solvent alone-treated rats showed significantly more OHC loss than controls.
Similar findings were obtained from statistical analysis of OHC loss in rats receiving 10 days of experimental exposures. The ANOVA identified significant effects of treatment (F(3/19) ¼ 47.25, p < 0.0001), OHC row number (F(2/19) ¼ 11.85, p < 0.0001), and the interaction of these treatments (F(6/ 19) ¼ 16.88, p < 0.0001). Post hoc analysis of the interaction term showed that rats treated with noise þ solvents had significantly greater OHC loss than control rats for OHC rows 1 (p < 0.001) and 2 (p < 0.001), but that there was no significant increase in row 3 OHC loss. Rats receiving this combined treatment also showed significantly greater OHC loss than did rats treated only with noise. This difference was significant for row 1 OHC (p < 0.001) and row 2 OHC (p < 0.01). There was no difference between these groups in loss of OHC in row 3. Similarly, noise alone produced significantly greater OHC loss than control rats for OHC rows 1 (p < 0.01), but there was no significant increase in row 2 or row 3 OHC loss. Solvents by themselves did not increase OHC loss relative to controls in any row.
DISCUSSION
While both toluene and ethylbenzene are known to be ototoxic individually, there are no data available in which both of these solvents have been studied for additive effects and no way to evaluate whether or not these solvents might explain the ototoxicity of JP-8 jet fuel. The current results demonstrate that while high toluene þ ethylbenzene concentrations relative to the human PEL values can potentiate NIHL, that they do not themselves disrupt cochlear function or kill hair cells when exposure is limited to a 10-day exposure period at the exposure concentration used. These data are interesting because they appear not to confirm earlier studies performed by Cappaert et al. (2000) who reported that ethylbenzene concentrations as low as 300-400 ppm for as little as 5 days of exposure both impaired cochlear function and damaged OHCs. In the current study, even higher exposures to ethylbenzene (660 ppm) for a longer time period (10 days) failed to produce such ototoxicity. While potentially the coexposure to toluene in the current experimental design might have had some palliative effect, perhaps by enhancing the rate of ethylbenzene metabolism and thereby limiting the ethylbenzene exposure, further studies will be essential to explore this possibility. In addition, Cappaert et al. (2000) used younger rats of a different strain. It is possible that such rats were more susceptible to the effects of ethylbenzene than were those in the current study. That combined exposure to toluene and ethylbenzene in our studies did not produce ototoxicity is consistent with the sizeable toluene ototoxicity literature where higher concentrations of toluene appear to be required in order to see adverse effects on hearing (e.g., Loquet et al., 1999) .
The clearest result of the current studies is the loss of both cochlear function and of OHCs that is observed four weeks following exposure to toluene þ ethylbenzene þ noise exposure. At the dose and duration of exposure used, a clear potentiation of permanent auditory impairment can be readily observed even though the noise exposure itself had no adverse effects. The extent of the effect is small representing a loss in threshold that falls outside, but close to the limits of method sensitivity. However, this small effect is consistent both between studies and in the extent of effect over a broad range of test frequencies. Thus, it is replicable. It is also noteworthy that no differences could be observed between noise alone and noise þ solvent exposure using DPOAE analysis 3 days postexposure. That differences were observed both in auditory threshold and in hair cell death four weeks later suggests that the combined exposure limits the extent of cochlear repair or recovery following exposure as compared to noise alone.
The pattern of hair cell death produced by combined exposure to solvents and noise provides potential information concerning the nature of the interaction of these agents. Normally, solvents presented at ototoxic concentrations produce preferential damage to OHCs in the third row (e.g., Lataye and Campo, 1997; Lataye et al., 2001) while noise tends to preferentially damage OHCs in the first row of OHCs. At the exposure conditions used in the current study, we did not employ solvent exposures sufficient to kill OHCs. The subjects in the noise alone group did show the anticipated cell loss in the first row of OHCs. Interestingly, in this study, rats exposed to solvents þ noise showed a pattern of loss that was greatest for row 1, intermediate in row 2, and negligible in row 3. This pattern suggests that combined exposure might truly enhance the damaging effects of noise on OHCs perhaps by making OHCs in row 1 more fragile. In the current investigation, we did not undertake a full dose-response study of the solvents that increased vulnerability to noise. However, limited pilot study along with the relatively small toxicity observed in this 
PROMOTION OF NOISE-INDUCED COCHLEAR INJURY BY TOLUENE AND ETHYLBENZENE IN THE RAT
study suggest that for the rat the concentrations of solvents required to promote NIHL are high in terms of human PELs at least for short repetitions of exposure. The data are also of interest in comparison to the concentrations of JP-8 jet fuel that can promote NIHL. Fechter et al (in press) demonstrated that permanent potentiation of NIHL could be detected following exposure to JP-8 yielding a concentration of 1000 mg/m 3 total hydrocarbons. The corresponding levels of toluene and of ethylbenzene available in a inhalable form from this mixture is only 8 ppm toluene and 10 ppm ethylbenzene. Clearly, such a finding makes implausible the hypothesis that it is the toluene and ethylbenene components of the JP-8 fuel that are responsible for its ability to promote NIHL.
Finally, the fact that GSH levels were not depressed by toluene þ ethylbenzene exposure appears inconsistent with the hypothesis that these solvents may reduce this intrinsic antioxidant pathway for removing reactive oxygen species and limiting oxidative stress. This result is also strikingly different from that observed with JP-8 exposure where a clear depletion of, particularly in liver, GSH levels was observed to last for at least 3-h postexposure.
